Introduction
============

Despite pharmacological advances and increasing number of medications, bipolar disorder remains debilitating. Almost one-half of regularly treated patients experience an episode every 2 years, and 73% of these patients experience an episode every 5 years.[@b1-ndt-12-589] There are significant losses in patient care and pharmacoeconomics in the prolonged process of establishing optimal treatments for each individual.[@b2-ndt-12-589] It is therefore necessary to further understand the mechanisms of action of the current treatments to identify biomarkers for optimizing the treatment of bipolar disorder.

Personalized treatments are essential to improve the outcomes in the treatment of bipolar disorder. One of the most promising paths is the detection of early signs of treatment responses with in vivo assessments of the brain. With high temporal resolution, the electroencephalography (EEG) measures brain electrophysiology. The activity of large cortical neuron populations is captured from scalp electrodes, and therefore, EEG is an indispensable method for the evaluation of integrative brain function at rest or during task-based experiments. Because the EEG signal comprises excitatory postsynaptic potentials of thalamocortical and corticocortical projections, this analysis evaluates changes in brain physiology (eg, neurotransmitters and network dynamics).[@b3-ndt-12-589],[@b4-ndt-12-589] Therefore, EEG is a promising technique with unique capabilities for identifying biomarkers for both the pathophysiology and the neuropsychopharmacology of mental disorders. Earlier researches have detected some predictors of lithium response in clinical EEG;[@b5-ndt-12-589] however, several quantitative EEG studies have been published since then.

Since the EEG signal incorporates activity of diverse neuron populations, data analysis methods may enable options for the quantification of diverse brain functions. Brain oscillations might be observable reflections of specific brain functions through the formation of cortical codes in networks under different circumstances.[@b4-ndt-12-589] The most commonly known example is event-related changes in both magnitude and transient phase resetting at specific frequencies, which are reflections of information processing in the brain.[@b6-ndt-12-589] Furthermore, the maintenance of specific frequency bands across trials with time- and phase-locked features with respect to an event might also indicate consistent brain activity.[@b6-ndt-12-589]

The automatic responses of the sensory cortices in cases of changes in the characteristics of a stimulus are bottom-up tasks in EEG studies. Bottom-up (stimulus-driven) tasks (eg, the mismatch negativity \[MMN\], the dual-click paradigm \[sensory gating, P50\], and the loudness dependence of auditory-evoked potentials \[LDAEP\]) are independent of task-directed performance and are therefore appropriate for all clinical populations and pharmacological EEG studies. The selection of a specific type of stimulus and mental operation rely on cognitive activities, and thus cognitive tasks are top-down tasks. Top-down tasks are modulated through sensory, frontal, and parietal cortices associated with attention, decision making, and working memory.[@b7-ndt-12-589] Therefore, a major advantage of top-down tasks is that these events are involved in a broader range of cognitive networks and mental operations. Because the most promising feature of the EEG is high temporal resolution, top-down tasks might facilitate the assessment of cognitive networks and external interventions.[@b8-ndt-12-589]

On the other hand, the brain comprises different networks, and resting-state EEG might provide information about the synchronous activity of the intrinsic corticocortical networks.[@b9-ndt-12-589],[@b10-ndt-12-589] This promising avenue might develop into translational studies, as shared functional and spatial characteristics of the intrinsic network architecture of the brain across species have been shown through neuroimaging.[@b11-ndt-12-589] In addition, the majority of pharmacological EEG studies have been performed with resting-state EEGs.[@b12-ndt-12-589] While functional magnetic resonance imaging studies characterize the spatial distribution of resting state networks, EEG measures offer unique information on the strength and synchronization of neuronal activity at high temporal frequencies. Alpha activity is a classic example, as it becomes active during rest and is augmented when the eyes are closed.

Brief review of EEG studies in bipolar disorder
===============================================

EEG studies in bipolar disorder have revealed several abnormalities. There are overlapping and distinguishing points with major depression or schizophrenia. Psychosis and mood disorder signatures in the brain are potential biomarkers for further research. The aim of this review is to discuss the neurophysiological abnormalities in bipolar disorder and the effects of lithium. This section aims at briefly reviewing the recent findings of EEG studies in patients with bipolar disorder to extract implications from the neurobiological mechanisms of different EEG modalities.

A spontaneous EEG study reported that schizophrenia patients and their relatives displayed increased delta, theta, and beta activity compared with patients with bipolar disorder and healthy controls.[@b10-ndt-12-589] Another spontaneous EEG study showed that patients with bipolar disorder and schizophrenia had augmented frontocentral slow beta oscillations, similar to their relatives.[@b13-ndt-12-589] The authors also reported that delta activity increased in the schizophrenia group, whereas the fast alpha activity increased in the bipolar disorder group. In contrast, a study with a medication-free sample of euthymic bipolar disorder patients reported that the spontaneous alpha activity was highly reduced.[@b14-ndt-12-589] Kam et al[@b9-ndt-12-589] showed that bipolar disorder patients had significantly higher beta and gamma activity compared with schizophrenia patients and healthy control groups. Furthermore, the authors also indicated that alpha coherence was increased in both schizophrenia and bipolar disorder patients, whereas schizophrenia patients showed increased beta-1 (12--20 Hz) and delta coherence values. Differences between these results might reflect the differences in medication status observed in these studies.

Auditory stimulation at 40 Hz produces an auditory steady-state response (ASSR) whose generators are present in the primary auditory cortex on the medial aspect of Heschl's gyrus.[@b15-ndt-12-589] The ASSR represents the driving of the primary auditory cortex at a gamma frequency range associated with γ-amino butyric acid (GABA) control over fast oscillations. However, a recent study showed that blockade of *N*-methyl-[d]{.smallcaps}-aspartate (NMDA) receptors have increased the intertrial coherence at 20 and 40 Hz oscillations, whereas inhibition of GABA~A~ receptors did not show any significant effect on 20 or 40 Hz oscillations.[@b16-ndt-12-589] Studies with an ASSR task consistently showed a decrease in the evoke power,[@b17-ndt-12-589],[@b18-ndt-12-589] phase-locking factor,[@b19-ndt-12-589] and altered asymmetry[@b20-ndt-12-589] in bipolar disorder. Similarly, a magnetoencephalography study with an auditory speech-processing paradigm reported a lateralization abnormality in the speech assessment paradigm that discriminated bipolar disorder and schizophrenia.[@b21-ndt-12-589]

Sensory gating reduces perceived stimuli and eliminates irrelevant stimuli from the environment. This neurological filtering process protects attention resources of the brain and can be assessed through the dual-click paradigm in EEG studies.[@b22-ndt-12-589] The suppression of the P50 response of the auditory cortex is generated through the inhibitory control of the frontal lobe.[@b23-ndt-12-589] Patients with bipolar disorder show disturbed sensory gating.[@b24-ndt-12-589] These findings suggest that bipolar I disorder patients have auditory gating deficits at both preattentive and early attentive levels.

The loudness dependence of the auditory-evoked potentials task is based on serotonergic function in the auditory cortices, and the change of the tone loudness may determine the slope of auditory-evoked potentials.[@b25-ndt-12-589] The paradigm is involved in clinical states and pharmacological mechanisms in bipolar disorder.[@b26-ndt-12-589]

MMN is a deflection after infrequent change in a repetitive sequence of sounds. The MMN detects changes when a memory trace representing the constant standard stimulus and the neural code of the stimulus with deviant parameters are discrepant.[@b27-ndt-12-589] The MMN amplitude is based on NMDA receptor function.[@b28-ndt-12-589] Although MMN studies have consistently shown disturbed responses in schizophrenia, the study results are variable in bipolar disorder, and a recent meta-analysis revealed that MMN was significantly decreased in bipolar disorder.[@b29-ndt-12-589]

The oddball paradigm is a discrimination task based on selection and counting a particular type of stimulus. The results of oddball paradigm experiments suggested significant differences between schizophrenia and bipolar disorder. Most of the studies enrolled patients taking various medications. Because pharmacological agents alter brain physiology, it is more accurate to examine medication-free patients in psychiatric populations. In a study with medication-free euthymic patients, reduced gamma coherence values in both euthymia[@b30-ndt-12-589] and mania[@b31-ndt-12-589] were reported. Medication-free patients with bipolar disorder showed significantly decreased amplitudes in both slow (4--6 Hz) and fast (6--8 Hz) theta frequency bands.[@b32-ndt-12-589] Additionally, in the fast theta band responses of the patients, the decrease was only at target responses, whereas in the slow theta frequency band, theta responses were disturbed in both simple and target responses. In another study with medication-free patients, event-related delta oscillations of medication-free patients with bipolar disorder showed significantly decreased magnitudes.[@b33-ndt-12-589] Thus, patients with bipolar disorder showed decreased amplitudes and reduced coherence values, and these findings indicate neural synchronization deficits in bipolar disorder.

Lithium-EEG studies
===================

It has been consistently shown that lithium enhances resting-state delta and theta oscillations in spontaneous EEG studies of patients with bipolar disorder[@b34-ndt-12-589]--[@b36-ndt-12-589] or in healthy volunteers.[@b37-ndt-12-589],[@b38-ndt-12-589] In another study using quantitative EEG to evaluate the effects of lithium alone and in combination with other therapies on resting EEG, lithium administration increased the amplitudes of delta, theta, alpha, and beta waves, showing a correlation between serum lithium levels and interhemispheric coherence, delta, and beta-2 (18--30 Hz) values, whereas risperidone and carbamazepine increased the amplitudes of alpha and beta-1 (13--18 Hz) frequencies.[@b39-ndt-12-589] The authors added that the higher amplitudes in the left temporal brain areas of patients remained unresponsive to lithium, and the amplitude of theta EEG activity was higher in unresponsive patients upon admission to the study.[@b39-ndt-12-589],[@b40-ndt-12-589] Ulrich et al[@b41-ndt-12-589],[@b42-ndt-12-589] reported that lithium increases resting-state alpha activity in healthy males. In a study with a small sample size (n=27, five responsive to lithium and 22 nonresponsive), it has been reported that there was no statistically significant difference between groups in clinical EEG assessments.[@b5-ndt-12-589] Another study reported that patients with bipolar disorder exhibiting nonepileptiform sharp wave activity showed a better response to valproate than to lithium.[@b43-ndt-12-589]

The number of task-based studies is relatively low for bipolar disorder. Early studies evaluating responses to lithium through auditory-evoked potentials reported that the amplitudes of the responses are positively correlated with the lithium response.[@b44-ndt-12-589]--[@b46-ndt-12-589] In an LDAEP paradigm associated with serotonergic function,[@b47-ndt-12-589] 30 patients with bipolar or unipolar disorder who received lithium therapy for at least 3 years were examined, and LDAEP measures were found to be higher in lithium-responsive patients compared with those unresponsive to lithium therapy. Other studies using the LDAEP task reported that N1 and P2 responses predicted a response to lithium.[@b48-ndt-12-589],[@b49-ndt-12-589] Another study did not detect any relationship between the P300 response and auditory or visual event-related P300 responses.[@b50-ndt-12-589]

The aforementioned lithium-EEG studies were performed with heterogeneous samples and have enrolled patients with different mood statuses. In studies to predict lithium responses, the definition of the lithium response was not clear. However, the amplification of slow frequencies (delta and theta oscillations) is a consistent finding in both healthy volunteers and patients with bipolar disorder.

In a study using an auditory oddball paradigm, 16 patients with bipolar disorder on lithium monotherapy, 22 medication-free patients, and a control group similar to the other groups in terms of age, sex, and education were enrolled ([Figure 1](#f1-ndt-12-589){ref-type="fig"}).[@b51-ndt-12-589] In the lithium group, we observed a significant peak at 20 Hz in target responses in the Fourier transform analysis. The lithium group had significantly higher beta frequency oscillations in response to target stimuli under the auditory oddball paradigm. Interestingly, there was a negative correlation between serum lithium concentrations and amplitudes of event-related beta oscillations. Similarly, beta oscillations were significantly increased under the visual oddball paradigm.[@b52-ndt-12-589] The lithium group also displayed significantly higher evoked and event-related alpha oscillations.[@b53-ndt-12-589] This effect is specific to the cognitive component of the tasks for beta frequencies, reflecting its emergence rather than its location in cognitive networks.

Taken together, the amplitude-elevating effects of lithium seem to uniformly elevate all EEGs and EROs.[@b39-ndt-12-589] Although specificity to target responses in beta oscillations might have specific attributions, general increases in all amplitudes indicate synaptic plasticity and altered balance between excitatory and inhibitory neurotransmission.[@b3-ndt-12-589]

A few studies have shown that valproate[@b54-ndt-12-589],[@b55-ndt-12-589] and carbamazepine[@b56-ndt-12-589] do not exhibit the same pattern of change as lithium in the EEG. Özerdem et al[@b54-ndt-12-589] reported that valproate had mixed effects on brain oscillations; patients undergoing valproate monotherapy showed increased alpha and decreased beta oscillations. This pattern is not similar to that of lithium-EEG, as lithium consistently amplifies all frequency bands. Compared with other mood stabilizers, the effects of lithium on the EEG signal are specific to lithium, and when compared with other psychotropic medication groups, including antipsychotics,[@b57-ndt-12-589],[@b58-ndt-12-589] antidepressants,[@b59-ndt-12-589] stimulants,[@b60-ndt-12-589] benzodiazepines,[@b61-ndt-12-589] analgesics,[@b62-ndt-12-589] or glutamatergic agents, such as ketamine[@b63-ndt-12-589],[@b64-ndt-12-589] and riluzole,[@b65-ndt-12-589] lithium-induced EEG changes are hallmarks specific to bipolar disorder. However, the consistency of the findings across studies refers to the sensitivity of the changes. As these changes are sensitive, specific, and reproducible, lithium-induced EEG changes are consistent with the biomarker definition.[@b66-ndt-12-589]

Potential mechanisms of lithium-induced changes in brain oscillations
=====================================================================

Influences on neurotransmitters, signaling cascades, neurotrophic factors, and neuroplasticity cascades are mechanisms of action for lithium.[@b67-ndt-12-589] Mechanisms that modify integrative brain function with lithium might be involved in most of the mentioned mechanisms, and the relevance of these mechanisms with EEG changes will be discussed in the following sections.

Lithium-induced neurotransmitter changes
----------------------------------------

Lithium downregulates NMDA receptors and attenuates calcium metabolism and signaling in the brain.[@b68-ndt-12-589] However, lithium activates α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors, and it has been suggested that AMPA receptor activity mediates the effects of lithium.[@b69-ndt-12-589] This mechanism potentially reflects the enhancement of brain oscillations. Additionally, Kainate receptors modulate synaptic activity.[@b70-ndt-12-589] Type 2 Kainate receptors (GluK2) increase intracellular calcium concentrations and consequently enhance synaptic glutamatergic activity.[@b71-ndt-12-589] Lithium selectively inhibits the mRNA and protein expression of GluK2 receptors in astrocytes and inhibits Kainate receptors.[@b72-ndt-12-589]

In the presynaptic terminal, 2 and 3 receptor subtypes of metabotropic glutamate receptors decrease the magnitude of single-neuron action-potential-generated transmitter release[@b73-ndt-12-589] and reduce spontaneous transmitter release. Overall, the effect of this phenomenon increases the signal-to-noise ratio (SNR) at the synaptic level and increases the stability and consistency of the synaptic response. Consistently, Gandal et al[@b74-ndt-12-589] proposed that in neuroimaging studies with psychotropic medications, the SNR is increased because of the effects of medications on GABA and glutamatergic neurotransmission. The activity of dopaminergic receptors in the prefrontal cortex might regulate the activity of pyramidal neurons[@b75-ndt-12-589] and excitatory synapses.[@b76-ndt-12-589] These receptors might also increase the input--output responses in pyramidal neurons,[@b77-ndt-12-589] modulate persistent synaptic activity, and enhance the SNR.[@b78-ndt-12-589] These mechanisms are all targets of lithium, and thus, lithium might increase the SNR in neuroimaging studies.

Despite the diversity of excitatory neurotransmitters in the brain, inhibitory neurotransmitters are scarce. In addition to other tasks, the tuning of excitation through inhibitory neurotransmission is particularly important for resonant and coherent brain activity. GABAergic interneurons are major sources of inhibitory neurotransmission in the brain, and this function is of particular importance for the production of gamma oscillations.[@b79-ndt-12-589] GABAergic receptors are highly susceptible to neuroplasticity. The phosphorylation of GABA~A~ receptors alters the density and function of these proteins.[@b80-ndt-12-589] Various enzymes and cascades involved in phosphorylation include neurosteroids, protein kinase C, and Akt,[@b81-ndt-12-589] which are targets for lithium.[@b82-ndt-12-589] Additionally, glycogen synthase kinase 3β (GSK-3β) modulates the phosphorylation of GABA~A~ receptors via the phosphorylation of synaptic proteins (ie, gephyrin), and the inhibition of GSK-3β through lithium precludes phosphorylation and thereby the degradation of receptors.[@b83-ndt-12-589] Other studies have reported that cyclin-dependent kinase-5 (CDK-5),[@b84-ndt-12-589] integrin signaling,[@b85-ndt-12-589] and brain-derived neurotrophic factor[@b86-ndt-12-589] modulate gephyrin phosphorylation. These cascades are also targets of lithium. Overall, lithium changes the GABAergic receptor density and function through various mechanisms, which should be translated into human neuroscience.

Other lithium-induced changes in the brain
------------------------------------------

Scalp EEG sensors measure the bioelectrical activity of neuron populations when they can summate properly. This summation is only possible when the directions of the vectors of the electrical fields are similar. Similar vectorial angles reflect similar angles of the apical dendrites of the pyramidal neurons typically turned through external space with similar alignments. If the order of the cells and their alignment change, then the summation of the vectors is attenuated, reflecting weakened summation. Therefore, the failure of vector summation might result from altered cellular connectivity and alignment. Reduced cortical thickness in the left superior temporal cortices has been associated with reduced P300 amplitudes in schizophrenia,[@b87-ndt-12-589] and this finding was replicated in several studies.[@b88-ndt-12-589]--[@b90-ndt-12-589] Similarly, occipital resting-state alpha oscillations were correlated with occipital gray matter density in a group of elderly subjects, including patients with Alzheimer's disease and mild cognitive impairment, and in healthy older adults.[@b91-ndt-12-589] The same group later reported that frontal event-related delta oscillations were correlated with the frontal cortex volume in patients with mild cognitive impairments and in healthy age-matched controls.[@b92-ndt-12-589] These studies, showing the correlation between imaging modalities, strongly suggested the same underlying physiopathology of morphological and functional disturbances. Altered anatomic localization and the position of the pyramidal neuron layers are underlying reasons for the decreased amplitudes in psychotic spectrum disorders. As schizophrenia and bipolar disorder share similar pathogenesis,[@b93-ndt-12-589],[@b94-ndt-12-589] structural and functional changes in brain tissue might also be reasons for neurophysiological abnormalities in bipolar disorder.

Research on schizophrenia and bipolar disorder has demonstrated abnormalities in glial cells,[@b95-ndt-12-589] the number of dendritic spines,[@b96-ndt-12-589] synapse density,[@b97-ndt-12-589] cortical thickness,[@b98-ndt-12-589],[@b99-ndt-12-589] cortical folding/sulcus patterns,[@b100-ndt-12-589] and laminar microstructure.[@b101-ndt-12-589] These data indicate a neurodevelopmental basis and progressive histopathological changes in the neurobiology of bipolar disorder and schizophrenia.[@b102-ndt-12-589] Two recent meta-analyses reported that cortical thickness decreases with progression to psychosis, and meta-regressions reported that antipsychotics have an inverse relationship with the loss of cortical thickness.[@b98-ndt-12-589],[@b99-ndt-12-589] Despite confounding factors, lithium increases gray matter volume in bipolar disorder.[@b103-ndt-12-589] A recent report indicated that lithium might increase the gray matter in the brain according to the GSK-3β gene variant.[@b104-ndt-12-589] These authors suggested that the neurotrophic effects of lithium are associated with GSK-3β inhibition.

In addition, lithium might modify cortical surface folding.[@b100-ndt-12-589] An increase in the gray matter through antipsychotics could result from increasing the neuronal soma size,[@b105-ndt-12-589] synaptic density,[@b106-ndt-12-589] and stimulating neurogenesis.[@b107-ndt-12-589] Lithium increases synaptic strength,[@b99-ndt-12-589] the number of dendrites,[@b108-ndt-12-589] and neurogenesis.[@b109-ndt-12-589] Lithium enhances long-term potentiation independent of neurogenesis,[@b110-ndt-12-589] likely reflecting the stimulation of synapse formation cascades. Synapsin II is a gene encoding a phosphoprotein associated with synaptogenesis, synaptic plasticity, and transmission.[@b111-ndt-12-589] Synapsin II gene-encoded protein levels are downregulated.[@b112-ndt-12-589] Interestingly, a comparison between responders and nonresponders showed that lithium modulates synapsin II expression more in the responder group.[@b113-ndt-12-589] The response to lithium might be associated with synapsin II expression, with respect to synaptic strength and neuroplasticity. Thus, cortical thickness, laminar alignment disturbances, reduced number of synapses and dendrites, and reduced synaptic strength result from disabled neurotrophic and neuroplasticity cascades. These changes might cause morphological reformation, leading to a recovery of the brain potentials. Medications could enhance magnitudes and reverse neuroimaging findings through the stimulation of neuroplastic cascades.

Cellular migration and laminar structure formation are associated with cellular and subcellular mechanisms that include protein families encoded by certain genes. The most commonly known genes are *Neuregulin*, *Disbindin*, and *DISC-1*, and these genes are abnormal in schizophrenia and bipolar disorder.[@b114-ndt-12-589] Wnt/β catenin,[@b115-ndt-12-589] Reelin,[@b116-ndt-12-589] and CDK[@b117-ndt-12-589] pathways are members of these protein families that act as major regulators of the settlement and connectivity of neurons in both embryonic life and adulthood. These protein families and cascades are responsive to pharmacological interventions and psychotropic medications.[@b116-ndt-12-589],[@b118-ndt-12-589] Further studies with interventions for the CDK, Reelin, and Wnt pathways might identify the determination processes and organization of the laminar structures of the cortex. The same pathology might disturb P300 responses through precise changes in the alignment of neurons at the cortical surface. However, to date, no study has compared the structural data with EEG measurements in patients with bipolar disorder, and these findings should be translated to patients with bipolar disorder in future studies.

Disturbances of brain oscillations in both bipolar disorder and schizophrenia are highly genetically inherited.[@b24-ndt-12-589] The genes and protein families are potential causes of disturbances in integrative brain functions because the disturbed brain oscillations are amenable to these products. The relationship between P3 responses upon the auditory oddball paradigm and a number of genes in schizophrenia and psychotic bipolar disorder has recently been investigated.[@b118-ndt-12-589] These authors reported that the genes involved in immune response complement pathways, cell adhesion, axon guidance, and neurogenesis were associated with P3 amplitudes in the frontal cortex. However, because genes are pleiotropic and multiple mechanisms influence each other in the brain, these findings should be cautiously evaluated. Further studies with appropriate designs should examine the effects of each cascade separately.

However, lithium excessively enhances brain oscillations, and therefore, it is possible to speculate that lithium might stimulate additional mechanisms. In addition to increasing synapse formation, lithium might also stimulate excitatory transmission and/or synaptic potentiation.

Synchronization dynamics or cognitive functions? Bottom-up versus top-down influences
-------------------------------------------------------------------------------------

### Lithium and neural synchronization: bottom-up mechanisms

Neuronal population behaviors often characterize the brain dynamics observed during the generation of synchronous oscillations. Both network effects[@b119-ndt-12-589] and pacemaker cells[@b120-ndt-12-589] stimulate the synchronous oscillation of neurons. The neuron population fires together because these cells respond to direct oscillatory input or cellular interactions might fire synchronously for neuron groups. Beyond the characteristics of the oscillation, adequate expansion of an oscillation might require sufficient networks and adequate cellular responses to the stimulus. Lithium has neurotrophic and neuroplastic effects that improve network integrity. In addition, lithium augments neuronal excitability through alterations in ion channel physiology. For example, altered sodium (Na) and potassium (K) channel physiology decreased after hyperpolarization, enhanced Na-K ATPase activity, increased the response rates of long-latency synapses,[@b121-ndt-12-589] altered G-protein-gated K channels,[@b122-ndt-12-589] and attenuated calcium channel responses to glutamate receptor signals.[@b123-ndt-12-589] These in vitro studies consistently suggest that lithium salt might increase the excitability of the neurons. In short, although in the current literature there is a gap between the dynamics of large-scale networks and cellular activity, it is reasonable to speculate that lithium might enhance cortical excitability acutely by its biophysical properties, and chronically by improving network integrity. Enhancement of the synchronization capabilities may lead to increased phase precision and augmented magnitudes in neurophysiological assessments. To date, there are no studies reporting the effects of lithium on phase. Studies have consistently reported that delta and theta oscillations are prominently increased in patients using lithium, independent from tasks ([Tables 1](#t1-ndt-12-589){ref-type="table"} and [2](#t2-ndt-12-589){ref-type="table"}). Beta oscillations are selectively elevated upon event-related tasks.[@b51-ndt-12-589],[@b52-ndt-12-589] The molecular underpinnings of these effects maybe involved with the cognitive brain dynamics, and has to be observed in future studies. The nonselective effects on slow frequencies might be related with biophysical changes or increased volume conduction. However, changes in fast frequencies seem to be independent of chemical changes and are more likely to be involved with synaptic changes and network integrity. These proposals could be investigated by further brain oscillation studies assessing both magnitudes of brain oscillations and phase changes in bipolar disorder patients on lithium therapy.

### Cognitive effects of lithium and brain oscillations: top-down mechanisms

A top-down approach might imply an influence on changes in cognitive functions. Brain rhythms are associated with specific functions, and the derangement of a particular rhythm might be associated with a cognitive deficit.[@b124-ndt-12-589] Bipolar disorder is characterized by dysfunction in several domains of cognition, likely associated with this network. Cognitive impairments in bipolar disorder include attention, memory, executive function, response inhibition, and information processing.[@b125-ndt-12-589],[@b126-ndt-12-589] The neurocognitive effects of lithium have been examined, and studies have reported that except for some motor disturbances, lithium does not generally cause a specific change in the cognitive function of patients with bipolar disorder.[@b127-ndt-12-589],[@b128-ndt-12-589] Briefly, the current literature does not indicate a clear relationship between the neurocognitive effects of lithium and EEG changes.

Mechanisms of pharmacological interventions on brain oscillations
-----------------------------------------------------------------

Fast oscillations are generated for synchrony between specific brain regions. Beta oscillations have been associated with memory formation and recall, stimulus saliency, attention, and motor movements.[@b51-ndt-12-589] Synchronous gamma oscillations might generate beta oscillations via synaptic potentiation.[@b129-ndt-12-589] It has been shown that after the activation of a synaptic plasticity cascade, consistent plastically altered networks produce beta oscillations.[@b79-ndt-12-589] Furthermore, the inhibition of AMPA receptors immediately abolishes beta oscillations.[@b129-ndt-12-589] However, after the blockade of GABAergic interneuron activity in synchronously oscillating hippocampal areas, beta oscillations continued.[@b130-ndt-12-589] Another recent study has reported that the degradation of perineuronal nets wrapping up parvalbumin-containing interneurons significantly enhanced beta oscillations, whereas with the decreased maturity of the neurons, gamma oscillations might decrease and beta oscillations might significantly increase.[@b131-ndt-12-589] These studies suggest that gamma oscillations depend on GABAergic cells and that beta oscillations are related with glutamatergic AMPA receptors.[@b79-ndt-12-589],[@b129-ndt-12-589],[@b130-ndt-12-589],[@b131-ndt-12-589]

Oscillations generate synchronous neuronal discharge patterns across large-scale networks, irrespective of axonal conduction delays. However, the disruption of myelin might prolong the conduction time in networks, thereby disrupting synchronicity and coherence in mental disorders.[@b132-ndt-12-589] The myelination of excitatory neurons projecting onto GABAergic interneurons determines the level of activation, and thereby, GABAergic neurotransmission.[@b133-ndt-12-589] Because inhibitory (GABAergic) neurotransmission determines gamma oscillations, Traub et al[@b129-ndt-12-589] proposed that excitatory inputs to interneurons might determine the frequency of oscillation in neuron populations. The duration of inhibitory synaptic control influences the fast frequencies, and the amplitude of the synaptic GABA response determines the power of the oscillation.[@b130-ndt-12-589] Considering that atypical antipsychotics[@b134-ndt-12-589] and lithium[@b135-ndt-12-589] stimulate the maturation of oligodendrocytes and the synthesis and maturation of myelin, it is possible that these drugs provide better GABAergic activity and thus potentiate fast frequency oscillations.

Conclusion
==========

To conclude, EEG studies have consistently reported abnormalities in bipolar disorder, and lithium induces typical EEG changes. It is possible to draw the following conclusions from the current EEG literature: Bipolar disorder is characterized through various abnormalities in brain oscillations ([Table 2](#t2-ndt-12-589){ref-type="table"}). In addition to the abnormalities listed in [Table 2](#t2-ndt-12-589){ref-type="table"}, patients with bipolar disorders display decreased MMN amplitudes,[@b29-ndt-12-589] decreased evoked gamma power in ASSR experiments,[@b18-ndt-12-589] and disturbed sensory gating.[@b24-ndt-12-589] These abnormalities reflect disturbances in integrative brain functions deriving from various etiological mechanisms, including changes in neuronal excitability, neuroplasticity, neurotransmitters, and cortical thinning.Lithium enhances slow frequencies in either resting-state or task-based studies. However, the enhancement of the fast frequencies might be specific to task demands and stimulus characteristics, as lithium selectively enhances event-related beta oscillations.The potentiation of the brain oscillations might imply various brain-wide effects of lithium, including neuroplastic and neurotransmitter changes as well as biophysical changes. Furthermore, lithium increases cortical thickness and brain volume, and structural changes induced by lithium might be related with the lithium-induced EEG changes. Enhancement of beta oscillations might also correspond with AMPA and GABA receptor activities and neuroplastic changes. It seems that a variety of mechanisms are involved in the changes in the brain oscillations. Enhancement of the slow frequencies might correspond with all the mechanisms mentioned in this paper, whereas enhancement of fast frequencies is related with changes in signaling cascades and synaptic plasticity.

Future studies with bipolar disorder patients undergoing lithium therapy might involve phase and gamma oscillations. In addition, studying the length of lithium use would be beneficial, as biophysical properties of lithium salt suggest acute enhancement in conductivity of brain tissues and electrophysiological activity in neurons. MMN, ASSR, and sensory gating paradigms have shown abnormalities in bipolar disorder; however, to date, no studies have examined the neurophysiological effects of lithium with these modalities. Lithium-induced EEG changes could be used as biomarkers to assess the genetic differences in signaling and neuroplasticity, leading to differential efficacies of lithium that may underlie the variability of lithium response in bipolar disorder. To optimize treatment strategies, brain oscillations are promising biomarker candidates, as these effects assess integrative brain functions and responses to pharmacological agents. Future studies with larger samples and standard protocols might be promising for examining the pharmacological mechanisms of lithium.

**Disclosure**

The author reports no conflicts of interest in this work.

![Event-related P300 responses of the patients with bipolar disorder on lithium monotherapy compared with medication-free patients with bipolar disorder and healthy control subjects in auditory oddball experiments.\
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###### 

Summary of the lithium-EEG studies on bipolar disorder

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Study                                                Modality/paradigm, methods                                     Subjects, design                                                                                                                                               Results
  ---------------------------------------------------- -------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Buchsbaum et al[@b44-ndt-12-589]                     Auditory EP                                                    66 BD patients with different clinical states (depressed, manic)                                                                                               Auditory EPs predicted lithium responses with a rate of 68%. Lithium reduced the higher EPs in manic or depressed patients with BD

  Zakowska-Dabrowska and Rybakowski[@b35-ndt-12-589]   Resting state, ERO                                             35 manic, depressed and healthy volunteers 2 weeks after lithium administration                                                                                Lithium significantly increased delta, theta, and alpha oscillations in all groups

  Baron et al[@b45-ndt-12-589]                         Visual EP                                                      23 depressed patients with BD                                                                                                                                  Lithium responders had significantly higher visual EPs

  Karniol et al[@b37-ndt-12-589]                       Resting state, auditory EP                                     6 healthy volunteers received lithium therapy for 2 weeks and underwent EEG recordings                                                                         Lithium increased delta, theta, and alpha oscillations and auditory EPs

  McKnew et al[@b46-ndt-12-589]                        Auditory EP                                                    6 offsprings of patients with BD; longitudinal                                                                                                                 2 subjects had diagnosis of BD and showed responses to lithium that had enhanced EPs

  Hegerl et al[@b48-ndt-12-589]                        LDAEP, EP                                                      28 remitted BD patients on lithium therapy; cross-sectional                                                                                                    The responders showed steeper amplitude/stimulus-intensity functions than the nonresponders

  Ulrich et al[@b41-ndt-12-589]                        Resting state, ERO                                             10 healthy volunteers before and after 2 weeks of lithium therapy; longitudinal                                                                                Lithium increased alpha continuity and anterior alpha power

  Thau et al[@b38-ndt-12-589]                          Resting state, ERO                                             20 healthy volunteers (10 male and 10 female) were evaluated before and 10 days after lithium therapy; longitudinal                                            Significant power increases at theta, alpha, and beta frequency ranges were observed.\
                                                                                                                                                                                                                                                                                     Coherence values increased in the left hemisphere and decreased in the right hemisphere

  Ulrich et al[@b42-ndt-12-589]                        Resting state, auditory EP, ERO                                11 healthy volunteers, before, 10 days after lithium therapy, and 2 weeks after discontinuation                                                                Lithium increased alpha continuity and increased anterior alpha, increased the amplitudes of P1/N1 components of auditory EPs

  Hegerl et al[@b49-ndt-12-589]                        LDAEP, EP                                                      34 remitted outpatients on lithium therapy; cross-sectional                                                                                                    Responders to lithium showed steeper amplitude/stimulus-intensity functions than the nonresponders

  Small et al[@b39-ndt-12-589]                         Resting state, ERO                                             37 manic patients had 2 assessments before and 3 or 8 weeks after treatment; longitudinal                                                                      The lithium group had significantly higher delta, theta, and beta oscillations than the carbamazepine and combination groups

  Small et al[@b40-ndt-12-589]                         Resting state and ERO                                          202 manic patients assessed with clinical EEG, 37 manic patients had 2 assessments before and 3 or 8 weeks after treatment; cross-sectional and longitudinal   Approximately 16% of the 202 patients displayed EEG abnormalities. Patients on lithium therapy had significantly higher delta, alpha, and beta activity compared with the carbamazepine group

  Schulz et al[@b34-ndt-12-589]                        Resting state, ERO                                             12 remitted patients with affective disorders, before and 4.4 months after lithium treatment; longitudinal                                                     Theta power was increased and alpha power was decreased. Theta power was associated with serum lithium levels

  Reeves et al[@b43-ndt-12-589]                        Resting state                                                  20 remitted BD patients with valproate treatment and 20 patients with lithium treatment; cross-sectional                                                       Patients with nonepileptiform EEG abnormalities were more likely to respond to valproate compared with the lithium group

  Ikeda et al[@b5-ndt-12-589]                          Resting state                                                  27 remitted BD patients on lithium therapy; cross-sectional                                                                                                    Responder patients did not show any EEG abnormality, and epileptiform abnormalities might be associated with resistance to lithium

  Juckel et al[@b47-ndt-12-589]                        LDAEP, EP                                                      30 remitted patients with unipolar depression or BD treated with lithium; cross-sectional                                                                      Lithium responders had significantly higher amplitudes than nonresponders

  Reeves and Struve[@b50-ndt-12-589]                   Auditory oddball and visual checkerboard paradigms, ERP P300   20 remitted BD patients with valproate treatment and 20 patients with lithium treatment; cross-sectional                                                       P300 responses did not differ between groups

  Hyun et al[@b36-ndt-12-589]                          Resting state, ERO                                             162 various medication groups in remitted schizophrenia and BD, 7 subjects were on lithium therapy; cross-sectional                                            Patients on lithium therapy had significantly higher amplitudes in delta and theta oscillations

  Atagün et al[@b51-ndt-12-589]                        Auditory oddball, ERO                                          16 remitted BD patients on lithium monotherapy, 22 remitted drug-free patients with BD, 21 HC; cross-sectional                                                 Beta oscillations were significantly higher in the lithium group compared with both HCs and drug-free patients. Serum lithium levels were correlated with beta oscillations

  Tan et al[@b52-ndt-12-589]                           Visual oddball, ERO                                            13 remitted BD on lithium, 16 remitted drug-free patients with BD, 16 HC; cross-sectional                                                                      Beta oscillations were significantly higher in the lithium group
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Abbreviations:** EEG, electroencephalography; LDAEP, loudness dependence auditory evoked potential; EP, evoked potential; ERO, event-related oscillation; BD, bipolar disorder; HC, healthy control; ERP, event-related potentials; P1, P100; N1, N100.

###### 

Abnormalities in brain oscillations and lithium-induced EEG changes in patients with bipolar disorder

  Paradigm/frequency                        Auditory oddball                                Visual oddball                                       Resting-state EEG
  ----------------------------------------- ----------------------------------------------- ---------------------------------------------------- -------------------
  Bipolar disorder                                                                                                                               
   EP -- ERP                                ↓/→P300 magnitudes                                                                                   
                                            ↓N200 magnitudes                                                                                     
   Delta                                    ↓EP, ERO                                                                                             ↑
   Theta                                    ↓EP, ERO                                                                                             ↑
   Alpha                                                                                    ↓ERO[a](#tfn3-ndt-12-589){ref-type="table-fn"}       ↑/↓
   Beta                                                                                     ↑ERO[a](#tfn3-ndt-12-589){ref-type="table-fn"}       ↑
   Gamma                                                                                    ↓EC, ERC[b](#tfn4-ndt-12-589){ref-type="table-fn"}   ↑
  Lithium EEG studies in bipolar disorder                                                                                                        
   EP -- ERP                                ↓EP[a](#tfn3-ndt-12-589){ref-type="table-fn"}   ↑EP                                                  
                                            ↑P1-N1 of EP                                                                                         
                                            →P300                                                                                                
   Delta                                    ↑EP                                                                                                  ↑
   Theta                                    ↑EP                                                                                                  ↑
   Alpha                                    ↑EP                                                                                                  ↑/↓
   Beta                                     ↑ERO                                            ↑ERO                                                 ↑
   Gamma                                                                                                                                         

**Notes:** No studies with MMN, ASSR, or sensory gating paradigms were detected regarding lithium.

In manic state,

in both manic and euthymic states.

**Abbreviations:** MMN, mismatch negativity; ASSR, auditory steady-state response; EEG, electroencephalography; EP, evoked potential; ERP, event-related potential; ERO, event-related oscillation; EC, evoked coherence; ERC, event-related coherence; ↑, increased; ↓, decreased; →, not changed, normal results; P1, P100; N1, N100.
